The conversion of soluble cerium redox species in the zinc-cerium redox flow battery and other electrochemical processes can be carried out at planar and porous platinised titanium electrodes.
Introduction
The zinc-cerium redox flow battery (Zn-Ce RFB) has been the subject of semicontinuous development over the past decade; its progress and research challenges have been recently reviewed [1, 2] . Its main advantages are a higher standard cell potential (2.48 V) and lower electrolyte toxicity than all-vanadium or Zn-Br 2 RFBs. Diverse electrode materials have been studied for both positive [3, 4] and negative [5, 6] electrode reactions as well as alternative electrolyte compositions [7] [8] [9] [10] . The inhibition of hydrogen evolution as a secondary reaction, or via open-circuit corrosion, at the zinc negative electrode by electrolyte additives has also been considered [11] . In previous work [12] , we have shown the contribution of thermodynamic, kinetic and ohmic components to the cell potential losses in the Zn-Ce RFB, evaluating the effect of electrolyte conductivity and interelectrode gap. Other cerium-based RFBs have been proposed, including: a Ce-Ce concentration cell [13] , an undivided Zn-Ce RFB [7, 14] , a V-Ce RFB [15] [16] [17] [18] [19] , a borohydride-Ce fuel cell [20] , a Pb-Ce RFB [21] and a H 2 -Ce fuel cell [22] [23] [24] .
Cerium-based RFBs involve reduction of Ce(IV) ions at the positive electrode during discharge, usually in aqueous methanesulfonic acid (MSA), with the reverse process during charge:
Ce(IV) + e 
Platinised titanium (Pt/Ti) is a suitable electrode material for this reaction due to its catalytic activity for cerium conversion together with its stability to highly oxidising Ce(IV) ions [1] .
The positive electrode also supports the oxygen evolution reaction (OER) as a secondary reaction during anodic Ce(III) oxidation: This results in a lower current efficiency for reaction (1) , especially at high current densities on planar electrodes or under low mass transport conditions. Porous, 3-D electrodes can reduce these limitations by decreasing the local current density and increasing the mass transport rate of Ce(IV) ions to the electrode surface. Enhanced electrolyte flow through these materials also helps prevent electrode shielding by gas bubbles and ohmic losses due to gas voidage in the electrolyte. The extended surface area of porous electrodes enables a faster conversion rate of active species.
Despite the common use of Pt/Ti mesh in cerium-based RFBs and other electrochemical reactors, no quantitative or comparative studies have been undertaken on the reaction environment at diverse Pt/Ti electrode structures for cerium ions. Here, the quantitative performance of such Pt/Ti porous electrode materials is expressed as the volumetric mass transport coefficient " $ (the product of mass transport coefficient and electroactive volumetric electrode area) derived from dimensionless group analysis as a function of the electrolyte flow rate and associated flow characteristics. Assuming plug-flow and convectivediffusion control, " $ allows the fractional conversion of the active species, . , to be predicted as well as the electrode dimensions and maximum operational current for an acceptable potential loss [25] . In this way, cost-effective materials can be found and further insight into the dynamic relationship between the operational cell potential, current density and the reaction environment at the different electrode materials/structures can be provided.
The performance factor " $ was determined from limiting current measurements for Ce (IV) ion reduction in half-cell experiments. Few studies have considered the experimental reaction environment in RFBs from the perspective of dimensionless group analysis, which can be an important step in the scale-up of electrochemical technology [26] . Such an approach allows laboratory and pilot-scale flow cells as well as different electrode materials (including carbon felt under different degrees of compression in all-V RFBs) to be compared. As discussed in a recent review [27] , the performance of Pt/Ti electrodes is also important to diverse industrial electrochemical processes reliant on anodic generation of Ce(IV). Electrode optimization is desirable to increase space-time yield and minimize electrolyte material, electrolytic cell potential and energy consumption.
Theoretical Considerations

Cell geometry and flow expressions
The characteristics of a rectangular flow cell required for mass transport characterization include: equivalent (hydraulic) diameter, $ dimensionless length group, and the aspect ratio of the channel, . These are defined as:
where , and are the breadth, span, and length of the channel, respectively, and 7 is the cross sectional area ( 7 = 
Dimensionless group correlations
The mass transport characteristics in a uniform cross-section, rectangular channel electrochemical flow cells can be described by the dimensionless group correlation [25, 28] :
ℎ is the Sherwood number, is the Reynolds number, is the Schmidt number and and are empirical constants. These dimensionless groups are defined as:
" is the mass transport coefficient, is the diffusion coefficient of the active species, and is the kinematic viscosity of the electrolyte. The characteristic length used in this work is the equivalent or hydraulic diameter of the channel, $ .
The electrode performance factor
Under mass transport controlled reaction conditions, the performance of porous electrodes can be expressed using the factor, " $ , i.e., the product of the average mass transport coefficient, " , and volumetric electrochemical area, $ [25, 28, 29] . These variables are often considered as a product in view of the experimental difficulties in the determination of their individual values in flow cells containing practical electrode structures. For instance, it is known that the surface area determined by BET is much higher than the real electrochemical active area [30] , while the geometrically calculated surface area often results in conflicting results when " is estimated from the limiting currents measured with different redox couples, e.g., ferricyanide/ferrocyanide-bromine/bromide for a RFB cell [31] or ferricyanide/ferrocyanideHg(II)/Hg for carbon felt [32] . The performance factor " $ can be determined in two ways: a) from the limiting current achieved at the electrodes or b) by following the conversion rate of the active species as described by a plug-flow reactor model [25, 28] . Mass transport rate control is assumed in both cases. In this work, the limiting current method is used for simplicity, convenience and speed.
The volumetric mass transport coefficient " $ is obtained from the dimensionless groups by expanding Equation (7) and multiplying it by the volumetric active electrode area, $ . Further rearrangement allows " $ to be expressed as a function of the electrolyte mean electrolyte flow velocity, . If the other variables are grouped as the constant ′, " $ can be expressed in the form of an empirical power law:
The values of ′ and ′ can then be used to quantitatively characterize different electrodes.
Approximate " values and other empirical correlations (such as Sh vs. Re relationships) can be obtained directly from Equation (7) once $ is known.
The relationship between " $ and the limiting current for Ce(IV) ion reduction at the porous electrode N is:
$ is the volume of the electrode channel, is the number of electrons involved in the written reaction, is the Faraday constant and the bulk concentration of the reactant. Alternatively, the mass transport coefficient in a batch electrochemical reactor for cerium conversion has been estimated from measurements of reactant conversion over time [33] . A similar approach was used to determine the average " in a pilot-scale bromine-polysulfide RFB [26] .
The limiting current enhancement factor, expresses the ratio of limiting current in a porous material, N , compared to a planar electrode, N ′:
Under full convective-diffusion control and equivalent mass transport, reflects the relationship between the active area of the porous electrode, $ $ and the active area of a planar electrode, .
The limiting current in mass transport studies has been classically measured using reversible reactions such as the reduction of ferricyanide ions, e.g., [34] , or Cu 2+ ions, e.g., [35] . However, it is important to consider the electrode/electrolyte conditions used in Ce-based RFBs and the present study uses Pt/Ti in a MSA electrolyte containing Ce(IV) ions at typical concentrations.
In other cases, limiting currents have been determined directly from the reduction of Ag + ions [36] and O 2 [37] ; the determined mass transport coefficients are characteristic for the electroactive species and electrolyte composition (and associated physical properties, e.g., viscosity) [32] .
Experimental
Electrolytes
Half-cell limiting current, voltammetry and charge-discharge experiments were performed using electrolytes for the Zn-Ce RFB: 0. 
Flow cell and electrolyte recirculation
All electrodeposition, limiting current and charge-discharge experiments were performed in the rectangular channel flow cell shown in Figure 1a The experimental arrangement for charge-discharge experiments was similar, but in this case the flow cell was connected to a BST8-A3 battery analyser (MTI Corp., USA) and 100 cm -3 reservoirs were used for both positive and negative electrolytes. An additional reference electrode measured the electrode potential of the negative electrode, which consisted of a 5 mm thick graphitized fluorocarbon polymer-composite, Sigracet Ò BMA5 plate (SGL Carbon GmbH, Germany). Its area was limited to 60 mm × 40 mm and it was connected to a 2.3 mm thick copper plate current feeder of the same dimensions. In order to ensure effective electrical contact, the electrode and current collector were bonded with a cured silver-loaded epoxy resin, (Circuitworks, Chemtronics, USA). The negative flow channel contained the same turbulence promoters in order to maintain a constant electrode-membrane gap. The flow system for Pt electrodeposition is described in the following section.
Preparation of electrodes
The evaluated positive electrodes are shown in Figure 2 and their characteristics are given in Table 2 . The Pt/Ti plate and Pt/Ti mesh electrodes were ordered from a commercial supplier The Pt/Ti micromesh and felt electrodes were platinised in a flowing aqueous, alkaline electrolyte using the cell in Figure 1a ). Firstly, a flow-only configuration was adopted for the chemical etching of the Ti substrates using a 10% volume/weight oxalic acid solution at 353.2 K until a dark brown colouration was developed [39] . The etching solution was removed and the system was triply cleaned with deionized water. A divided cell configuration was later adopted using a Nafion The first electroplating of Ti felt, referred to as 'Pt/Ti felt A', did not result in a satisfactory Pt coverage. Therefore, the Pt/Ti felt A was platinised a second and a third time, using 50 cm 3 and 100 cm 3 of the Pt solution, the resulting electrodes being referred to as 'Pt/Ti felt B', and 'Pt/Ti felt C', respectively. The change in porosity with increasing Pt loading was found to be negligible. During these stages, the treatment with oxalic acid was extended to 4 hours in view of the time required to observe a change in colouration. This was followed by additional chemical etching at the same temperature in 6.0 mol dm -3 HCl for 1 hour and in 1.0 mol dm -3 aqueous H 2 O 2 for 0.5 hour. The second and third electroplating procedures were performed galvanostatically at 100 mA cm -2 until the consumption of dissolved Pt was verified. The distribution and coverage of platinum in the Pt/Ti micromesh and Pt/Ti felt electrodes is subject of discussion in a related work [42] .
Electrochemical experiments
Cycling voltammetry and rotating disc experiments
The electrochemical response for cerium ions in an electrolyte containing 0.8 mol dm and 2025 rpm. The reduction of Ce(IV) ions, instead of the oxidation of Ce(III), was studied in order to avoid parasitic currents due to OER.
Battery discharge polarisation curve
The cell potential of the flow battery as a function of discharge current density (cell polarisation) was measured for each electrode material in a Zn-Ce cell. 
Linear sweep voltammetry (LSV)
Electrode polarization curves for the reduction of Ce(IV) ions were recorded in half-cell studies For the planar and mesh electrodes, LSV was performed from -0.6 to +0.90 V vs. 
Chronoamperometry
The limiting current at the positive electrodes was measured by chronoamperometry for convenience and to minimize the change in Ce(IV) concentration (0.1 mol dm -3 ) in the 1.3 dm 
Cyclic voltammetry and rotating disc experiments
The cyclic voltammetry in Figure 4 illustrates the overall redox behaviour of cerium ions in typical electrolytes used in the Zn-Ce RFB. The oxidation of Ce(III) ions overlaps with oxygen evolution at potentials near +1.1 V vs. Hg|Hg 2 SO 4(satd) and increases at more positive potentials.
The current peak for the oxidation of Ce(III) can be found near +1.26 V vs. Hg|Hg 2 SO 4(satd)
while the current peak corresponding to the reduction of Ce(IV) is located near +0.58 V vs.
Hg|Hg 2 SO 4(satd) . The peak separation is approximately 0.68 V. These results are similar to those reported in other MSA-based electrolytes for the Zn-Ce battery [43] .
The diffusion coefficient of Ce(IV) at a concentration of 0.1 mol dm -3 (see Table 1 [47] . Increasing the electrolyte flow rate to 17 cm s -1 had little effect on reducing the potential drop, as implied by its low " $ . Nevertheless, the potential loss at these planar electrodes appears to be the result of the OER. Small bubbles, are observed in the positive half-cell during the battery charge and in larger quantities during discharge. Bubbles can produce significant ohmic drops in flow reactors by increasing the resistivity of the electrolyte [48] and by shielding the electrode surface [49] . This would be consistent with the fact that no large potential losses were predicted for an ideal Zn-Ce model cell with planar electrodes under the assumption of no OER [12] . Consistently, a steep fall in current efficiency with increasing current density due to the OER was observed during Ce(III) oxidation in sulfuric acid at dished planar electrodes [50] .
In contrast to the planar electrode, the cell polarization for the Pt/Ti mesh electrode reveals a much lower effect of concentration overpotential and ohmic loss due to OER, as shown in (corresponding to an area-specific resistance of 7.5 Ω cm 2 ) is consistent with kinetic and ohmic losses similar to those observed in another Zn-Ce RFB with a mesh electrode (corresponding to an area-specific resistance of 9.2 Ω cm 2 at 50 mA cm -2 ) [3] . T$UU values over 1.5 V at a current density of 80 mA cm -1 are observed in the RFB cell over a mean linear electrolyte velocity of 2.8 cm s -1 , under conditions that would detach bubbles from the electrode surface and maintain good mass transport rates.
The T$UU vs. relationship for the micromesh electrode is presented in Figure 5c ).
Concentration overpotential losses occur only when there is no electrolyte flow and a linear decay in T$UU consistent with ohmic loss predominance is developed even at the lowest flow rate of 0.25 cm s -1 , with insignificant change at increasing flow rates. This implies that the surface area and mass transport in the micromesh are high enough to minimize concentration overpotential and local current density. The slope of T$UU vs. is steeper than the case of the mesh electrode, indicating higher ohmic resistivity in the cell (an area-specific resistance of 11.2 Ω cm 2 at 100 mA cm -2 ). The electrical resistance of all electrode/current collector assembles and their electrical connections was < 1 mΩ, therefore it cannot account for this loss.
In view of the area-specific resistance of Nafion Ò being 0.13 Ω cm 2 [51] , ohmic resistance lies at the electrolyte. The behaviour of the battery with the Pt/Ti felt C electrode in Figure 5d ) is similar to that of the micromesh electrode, although ohmic loses are considerably lower. T$UU decreases from 2.36 V at T$UU XY to 1.20 V at 100 mA cm -2 at a mean linear flow velocity of 1 cm s -1 (an area-specific resistance of 6.8 Ω cm 2 ).
The polarization curves for these cells can be compared to those obtained from other RFBs. For instance, The overall behavior an all-vanadium RFB was similar to the Zn-Ce RFB, showing a linear T$UU decrease dominated by ohmic components [52] . The area-specific resistance at 152 mA cm -2 was 4.6 Ω cm 2 at an estimated flow rate of 5 cm s -1 (the authors did not provide clear electrode dimensions or a mean linear flow rate). The resistance of the vanadium flow cell can be decreased by using serpentine flow fields and carbon paper to 0.66 Ω cm 2 [52] . In the case of bromine-polysulfide RFB cell with nickel foam electrodes the cell area-specific resistance is comparatively much lower [53] . T$UU decreased from 1.5 V at T$UU XY to 1.25 V at 500 mA cm -2 (area-specific resistance of 0.5 Ω cm 2 ) at an electrolyte flow rate of 0.5 cm 3 s -1 (the authors did not provide the electrode dimensions or a mean linear flow rate). In [52] and [53] thinner electrodes showed increased rates of mass transport and allowed operation at higher current densities, suggesting that thin felt electrodes (e.g., <500 µm) should be used in the Zn-Ce cell.
In summary, the contribution of ohmic components is predominant in Zn-Ce and other RBFs, provided mass transport conditions that avoid concentration polarisation. 
Polarization curves and chronoamperometry of Pt/Ti electrodes
Hg|Hg 2 SO 4(satd) .
The polarization curves for Ce(IV) ion reduction at high-surface area electrode materials, such as Pt/Ti micromesh and Pt/Ti felt displayed a less ideal behaviour due to a combination of a)
deviation from steady-state conditions at higher currents and increased conversion rates [54] , and b) the non-uniform primary, secondary and tertiary current density distributions throughout the porous electrodes [55] . The potential and current density vary along the thickness of the flow-through porous structures and electrolyte, decreasing between the membrane and the current collector [56] [57] [58] . At the same time, the tertiary current distribution is a function of the distance along the length of the porous electrodes under plug-flow reactor mode of operation [56] [57] [58] . Deviations from the ideal response are expected in any electrode of practical dimensions. The same has been observed in graphite felt electrodes due to the potential drop across the material [32] . Figure 7a ) shows the limiting current density at increasing electrolyte flow rates for different electrodes using chronoamperometry at a potential of +0.2 V vs. Hg|Hg 2 SO 4(satd) . The reduction current increases in the following sequence: plate < mesh < felt A < micromesh < felt B < felt C. Evidently, porous electrodes develop higher current densities, discouraging the use of planar electrodes for efficient Ce conversion. The limiting current values for plate, mesh and felt electrodes measured by this method have an excellent agreement (maximum difference of 4%) with those observed in the polarisation curves at the same potential. In contrast, the current values observed in the polarisation curve of the micromesh were higher by ca. 10% compared to those by chronoamperometry. In summary, the current measured by chronoamperometry was more accurate than the observed at polarisation curves and more suitable for determination of Consistently, Pt/Ti felt A had a lower Pt loading than the micromesh.
Limiting current and enhancement factor
Assuming that " does not suffer significant variation with the concentration of electroactive species, the cathodic limiting current density of the cell at other concentrations of Ce(IV) can be estimated at a certain mean linear flow rate using Equation (12) . In the case of the Pt/Ti mesh electrode, the expected current density (from projected area) for 0.6 mol dm -3 Ce(IV) at 5 cm s -1 would be 0.215 A cm -2 . For comparison, an industrial electrochemical reactor with a similar mesh electrode operating at 28 cm s -1 required an oxidation limiting current of ca. 0.25 A cm -2 for 1 mol dm -3 Ce(III) in MSA assuming an efficiency of 100% [45] . These values are comparable; the higher current in [45] is the result of the higher concentration and flow rate.
The current enhancement factor, comparing the behaviour of a Pt/Ti planar electrode in an unrestricted channel with other electrodes is shown in Figure 7b ). As expected, when highly porous structures are used the value of is greatly increased. For the mesh, is between 15 and 20, for the micromesh stack between 52 and 62, and for the felt C between 160 and 108 for increasing electrolyte flow rates. These enhancement values are typical for porous electrodes.
The Pt/Ti felt C shows the highest increase in limiting current for a given projected electrode area, although this effect is reduced with increasing mean linear flow velocity of the electrolyte.
The plate electrode in combination with an ITP showed values between 2.2 and 3.0, which are similar to the values of the mass transport enhancement factor, ′, reported for turbulence promoters ( = ′ for planar electrodes), e.g., up to 3.5 [59] . The use of turbulence promoters nearly doubled the current efficiency of anodic Ce(III) oxidation in comparison to flat electrodes in an obsolete process performed in sulfuric acid solutions [50] .
The main benefit of a high surface area porous material for a Zn-Ce RFB is the availability of higher operational current densities and reduced voltage efficiency losses. This effect is obvious in the all-vanadium RFB, which uses carbon felt electrodes. Limiting currents are not necessarily achieved in RFBs, since these devices might be charge/discharged at variable currents. Nevertheless, the limiting current at a flow battery provides insight into the mass transport limitations of the cell and electrodes as a function of electrolyte flow velocity.
Determination of and its empirical correlation to the electrolyte flow rate
The volumetric mass transport coefficient " $ was calculated using Equation (12) from the current measured at the electrodes by chronoamperometry experiments of the type shown in Figure 6b ), assuming steady-state mass transport control. A logarithmic-logarithmic plot in Figure 8a) shows " $ as a function of mean linear velocity for the various electrode materials studied. Figure 8b) shows " $ as a function of Reynolds number. The " $ values of the electrodes increase in the sequence: plate (unrestricted channel) < plate + ITP < mesh < felt A < micromesh < felt B < felt C. The values for the empirical constants ′ and ′ that describe each electrode are shown in Table 3 . In all cases, the value of " $ increases along with the flow rate due to higher mass transport to the electrodes and this is described by the empirical constant ′. Taking the values of ′ from Table 3 in the H 2 -Ce 2 fuel cell [24] , increasing the current density at which mass transport limitation appears during the cell polarisation. They also noted that increasing the number of stacked Pt meshes in the electrode, i.e., the extension of the active surface area, increased the maximum power density of the cell.
The consideration of " $ and its empirical description as expressed in Equation (11) allows to circumvent the problems in the determination of " in flow cells with porous electrodes that arise from using unmodified dimensionless number correlations of the form shown in Equation respectively, at a mean linear flow velocity of 9 cm s −1 in the FM01-LC flow reactor [61] increased significantly if Pt/Ti C felt was used in flow-across configuration with inter-digitated electrolyte channels (similar to a fuel cell), which could also reduce the hydraulic pressure drop across the porous material. This configuration has been adopted in all-vanadium systems, e.g.
in [63] . Thinner felts also prevent trapped gas bubbles inside the electrodes observed in thick or dense felt electrodes at low electrolyte flow rates [30, 34] .
General considerations
There are several implications of these studies, which merit further research:
• Thin (<0.5 mm), fully platinised felt electrodes could be implemented in flow-across configuration in order to further increase the conversion rate of cerium ions by enhancing mass transport and electrode surface area, while reducing pressure drop, electrode volume and cost in comparison to flow-through electrodes.
• Individual pieces of expanded micromesh could be fully coated before constructing a Pt/Ti micromesh stack electrode, resulting in a robust porous electrode with higher active area that the attained in this work.
• Uniform platinum coating of thin porous titanium substrates could be performed by bipolar electrodeposition in rectangular stirred baths, pulse electrodeposition, chemical vapour deposition or electroless deposition.
• The cathodic corrosion of uncoated titanium in platinised electrodes (e.g., during battery discharge) should be investigated.
Conclusions
• The volumetric mass transport coefficient, " $ , has been determined for various platinised-titanium electrodes for conversion of cerium ions in MSA. This performance factor can be used to estimate the fractional conversion of the electroactive species and to approximate the dimensions of efficient electrodes.
• The characteristic discharge cell potential of a Zn-Ce RFB using these electrode materials has been explained as the result of mass transport limitations in the positive half-cell. Highly porous materials must be used as positive electrodes in Ce-based RFBs.
• Titanium felt with high degree of platinum coverage provides the highest values of " $ . Higher cerium conversion rates might prove useful in anodic generation of Ce(III) for diverse electrochemical applications.
• Platinised-titanium micromesh is more effective as an electrode material than the commercial platinised-titanium expanded mesh currently used in Ce-based RFBs and other electrochemical operations.
• The high potential losses in Ce-based RFBs during discharge and the low conversion efficiency in anodic generation of Ce(III) observed with planar platinised-titanium electrodes is the result of their extremely limited surface area and insufficient mass transport.
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